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We report the results of x-ray scattering studies of AlN on c-plane sapphire during reactive
radiofrequency magnetron sputtering. The sensitivity of in situ x-ray measurements allowed us
to follow the structural evolution of strain and roughness from initial nucleation layers to fully
relaxed AlN films. A growth rate transient was observed, consistent with the initial formation of
non-coalesced islands with significant oxygen incorporation from the substrate. Following island
coalescence, a steady state growth rate was seen with a continuous shift of the c and a lattice
parameters towards the relaxed bulk values as growth progressed, with films reaching a fully relaxed
state at thicknesses of about 30 nm.
Aluminum nitride (AlN) is often used as the ini-
tial growth layer for wide-bandgap semiconductor device
structures, such as deep-ultraviolet light emitting diodes
(LEDs) and heterostructure field-effect transistors.[1, 2]
Typically, AlN is grown on poorly lattice matched sap-
phire (corundum-structured Al2O3) substrates, result-
ing in a dense and complex network of defects.[3–5]
These defects propagate into the device structures act as
non-radiative recombination centers where they decrease
the internal quantum efficiency in the active region of
LEDs.[6] Thus, understanding the formation pathways
of the initial AlN nucleation layer is important in opti-
mizing the growth of the heterostructures with low defect
density and improved device performance.
Structures formed in the early stages of growth play an
important role in controlling the orientation, strain state,
and defect content of heteroepitaxial AlN films, and
thus have been the subject of several recent studies.[7–
12] For example, previous experimental investigations
of the growth mechanism revealed that a planar two-
dimensional AlN epilayer can be grown on large lat-
tice mismatch (-13.2% strain) sapphire (0001) substrates,
possibly due to an extended atomic distance mismatch
(EADM) configuration.[13–16] The crystallographic ori-
entation of AlN relative to sapphire is (0001)‖(0001)
and[1010]‖[1120], i.e., the AlN lattice is rotated 30◦ about
the [0001] axis with respect to the sapphire lattice.[3, 13]
Kang et al.[7] used ex situ high-resolution synchrotron
x-ray diffraction observations to investigate strain devel-
opment in AlN films grown on (0001) sapphire. They re-
ported that 8.5 nm thickness planar films were strained
in-plane about 2% in compression when observed at room
temperature, and that complete relaxation of films to
strain-free states was not observed until films reached
thicknesses exceeding 100 nm. They attributed metasta-
bility of very thin films in a strained state as being due to
a “ten-to-eleven” domain-matching configuration. They
also found that nonuniform strain distributions appeared
in thicker films and that the surface morphology transi-
tions from a planar layer to islands near a film thickness
of ∼25 nm, consistent with their observed surface rough-
ness evolution. Wang and coworkers[8] used in situ syn-
chrotron x-ray diffraction and reflectivity measurements
to investigate strain relaxation of the nitridation layer on
c-plane sapphire in an ultrahigh vacuum chamber using
surface x-ray diffraction. They found that heteroepitax-
ial strain in the surface nitride layer (∼2.5 A˚ thickness)
is significantly different than that of both the substrate
and bulk AlN, with an in-plane lattice parameter ap-
proximately 1.5% smaller than that of bulk AlN. How-
ever, they did not study subsequent AlN growth on this
nitride layer. Despite the progress in these previous stud-
ies, there are many open questions related to the earliest
stages of AlN growth behavior, particularly during the
first 100 A˚ of growth.
In the following, we describe a real-time synchrotron
x-ray scattering study, focusing on characterizing growth
rate, roughness, and strain during the first few hundred
A˚ngstroms of epitaxial growth of AlN on (0001) sapphire,
correlating those important parameters with film thick-
ness. Using x-ray reflectivity,[9, 17–19] we measured the
film thickness and growth modes, and also determined
the evolution of three-dimensional strain using both in-
plane grazing incidence x-ray (GIX) scattering and out-
of-plane specular crystal truncation rod (CTR) observa-
tions. Our results reveal the evolution of the strain and
growth rate during heteroepitaxial growth.
Films were grown in a custom-built, on-axis sputtering
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2chamber mounted on a five-circle diffractometer at Sec-
tor 12ID-D of the Advanced Photon Source (APS).[20]
A one-inch diameter aluminum target (99.999% purity)
was mounted and operated at an RF power of 25 W.
The approximately 3.5 L chamber volume was typically
maintained at 15 mTorr pressure while flowing 0.3 slpm
of a 70% Ar, 30% N2 (to provide the reactive nitrogen)
mixture of ultrahigh purity grade gasses. In order to
minimize contaminants while growing AlN, the vacuum
chamber was baked, the target was presputtered in an
Ar atmosphere, and aluminum was sputter deposited on
the chamber walls prior to loading substrates.
Single-crystal 10×10×1 mm3 c-plane oriented sapphire
substrates were used. Each substrate was ultrasonically
cleaned with organic solvents (acetone and methanol),
rinsed with deionized water, and dried with compressed
high purity nitrogen gas.[21, 22] The substrates were then
annealed at 1100 ◦C in pure O2 for two hours in a tube
furnace. Atomic force microscopy (AFM) on the post-
annealed substrates found ordered surface step morpholo-
gies with clearly defined terraces, a miscut angle of 0.15◦
– 0.28◦, and a step height of 0.22 A˚. Prior to growth, the
sapphire substrates were further annealed in the growth
chamber in N2/Ar gas and Ar
+/N+ sputtering species
at 830 ◦C for approximately four hours to eliminate OH
species from the substrate surface to obtain an Al termi-
nation layer,[22, 23] and to ensure reproducible results.
After this annealing, the substrates were cooled to 700
◦C for growth.
In order to access a wide range of reciprocal space with
minimum angular motion, an x-ray energy of 28 keV (λ =
0.4428 A˚) was used. X-rays scattered by the sample were
detected using a PILATUS-100K-S area detector located
one meter from the sample. The detector’s 450 µm thick
silicon sensor had a 15% quantum efficiency for 28 keV
photons.
During each growth, one of three regions of recipro-
cal space was monitored, as shown in Fig. 1(a). During
growth of some AlN films, we continuously monitored
the intensity of the (000L) specular CTR at the sap-
phire L=1.3 position, which is approximately the (000
1
2 ) position of bulk AlN at room temperature. For sim-
plicity, we refer to the room-temperature (RT) sapphire
substrate reciprocal lattice[14] (cRTsapphire=1.2991 nm and
aRTsapphire=0.4748 nm) in indexing diffraction positions, re-
gardless of the sample temperature. The lattice parame-
ters of bulk AlN are c700AlN =0.4992 nm and a
700
AlN =0.3121
nm at 700 ◦C, and cRTAlN =0.4981 nm and a
RT
AlN =0.3112
nm at RT.[24, 25] For other samples, during growth we
instead monitored either the in-plane scattering around
the AlN (1120) Bragg peak or the specular CTR in the
region of the AlN (0002) Bragg reflection. Data were
fit to a pseudo-Voigt function, including a linear back-
ground, to identify each peak’s centroid position and full
width at half maximum (FWHM). The a lattice param-
eter at the final film thickness was determined from the
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FIG. 1. Schematic showing the three regions of reciprocal
space monitored during separate AlN growths: (a) specular
CTR at the L=1.3 position of sapphire, which is the (000 1
2
)
position of bulk AlN at room temperature; (b) the specular
CTR in the region of the AlN (0002) and sapphire (0006)
Bragg reflections, and (c) the in-plane region near the sap-
phire (3030) and AlN (1120) Bragg peaks.
difference between the centroids of the AlN (1120) and
(2240) Bragg peaks.
Figure 2(a) shows the L=1.3 CTR intensity as a
function of time. Heteroepitaxial intensity oscillations
were observed with a period corresponding to 1 nm per
oscillation.[18] The thickness change per oscillation was
determined by measuring the period of the Kiessig fringes
in the vicinity of the (0002) AlN Bragg reflection, seen in
Fig. 3(a). The loss of resolvable intensity oscillations at
a growth time of ∼54 min is evidence of surface rough-
ening.
Figure 2(b) shows the evolution of the film thickness
with growth time. As seen in Fig. 2(c), a transient
growth rate was observed during the first few unit cells
of growth and then a steady state growth rate of 0.48
nm/min was observed after films reached a thickness
of ∼7 nm (at ∼14 min). Film surface morphologies
were observed by AFM, as shown in Fig. 2(d, e) af-
ter growth times of three and ten minutes, respectively.
These images show that a ∼5nm thick film was not fully
coalesced.[10, 26, 27] Thus, the apparently faster growth
rate observed during the first several minutes of growth
may have occurred because films were not yet fully coa-
lesced (for example, if material is selectively increasing
island height rather than uniformly spreading on sur-
face). After film coalescence was completed, a constant
growth rate was observed. The transient growth rate be-
havior observed is similar to observations by Headrick
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FIG. 2. (a) Real-time monitoring the specular reflectivity
on sapphire (000L) at L=1.3 during AlN deposition at 700
◦C. (b) The interpreted thickness as function of the growth
time. (c) The oscillation rate with growth time, which is
derived from the growth time divided by the film thickness.
(d) 200×200 nm2 ex situ AFM images of 3 min- and (e) 10
min-AlN growth.
and coworkers[9] of significantly faster-than-steady state
growth during initial ion-assisted GaN growth.
In order to study the evolution of three-dimensional
strain in the growing AlN films, we monitored both out-
of-plane and in-plane regions of reciprocal space near film
Bragg peaks. Figure 3(a) shows the time evolution of the
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FIG. 3. (a) The time-evolution of repeated 000L specular rod
scans near the AlN (0002) Bragg peak during growth. Each
scan took approximately 145 seconds. (b) The corresponding
c lattice parameter and compressive strain evolution with film
thickness extracted from (a) using growth rate data shown in
Fig. 2(b). The dashed line is the literature value for the c
lattice parameter of bulk AlN at 700 ◦C.
specular AlN (0002) Bragg peaks and Fig. 3(b) shows the
out-of-plane c lattice parameter versus film thickness ex-
tracted from Fig. 3(a) using growth rate data shown in
Fig. 2(b). Upon island nucleation, we observed an ∼2%
smaller film c lattice parameter than that of bulk AlN,
but the (0002) plane spacing increased rapidly as growth
proceeded, reaching a value more than 2% larger than
that of bulk AlN at a film thickness of 7 nm. As growth
continued beyond 7 nm film thickness, the c lattice pa-
rameter began to relax towards the bulk AlN value. Be-
ginning at a film thickness of ∼20 nm, two AlN (0002)
Bragg peaks could be resolved, indicating that two dis-
tinct strain states (two c lattice parameters) had devel-
oped. Figure 3(b) shows the resulting strain evolution
derived from both peaks. As the film thickness con-
tinued to increase to 50 nm, little further change was
observed in the larger of the two c lattice parameters
(obtained from Peak 1), but the second lattice parame-
ter (obtained from Peak 2) decreased by approximately
1.5% as the film thickness increased from 20 to 30 nm
and then remained constant during further growth. Our
interpretation is that Peak 1 results from a thin buried
layer that maintains a larger c lattice parameter than
4bulk AlN, while Peak 2 arises from the outer portion of
the film, which has a c lattice parameter that relaxes,
reaching the fully relaxed bulk value at a film thickness
of about 30 nm. The larger observed width of Peak 1
compared with Peak 2 is also consistent Peak 1 arising
from a thin region of the sample near the film / substrate
heterointerface.
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FIG. 4. (a) The time-evolution of repeated in-plane profiles
through the AlN (1120) peak during growth. Each scan took
approximately 95 seconds. (b) a lattice parameter and tensile
strain with film thickness extracted from (a) using growth rate
data shown in Fig. 2(b). The dashed line is the literature
value for a lattice parameter of bulk AlN at 700 ◦C.
Figure 4(a) shows the time evolution of the in-plane
AlN (1120) Bragg peak and Fig. 4(b) shows the in-plane
a lattice parameter versus film thickness extracted from
Fig. 4(a) using growth rate data shown in Fig. 2(b).
Films were initially observed to have a smaller in-plane
lattice constant than bulk AlN, but the value fully re-
laxed to the bulk in-plane lattice parameter as the film
approached 30 nm thickness.
Both the a and c lattice parameters were observed to
be smaller than bulk AlN values for film thicknesses less
than 2.5 nm. This is inconsistent with the behavior ex-
pected if initial AlN non-coalesced islands were coher-
ently strained to the substrate, which would result in a
smaller-than-bulk in-plane lattice constant and a corre-
spondingly larger-than-bulk out-of-plane lattice constant
due to the Poisson effect. Our hypothesis is that the ini-
tial smaller-than-bulk values of both lattice constants is
due to initial incorporation of oxygen from the substrate
into the nucleation layer, consistent with numerous re-
ports that oxygen incorporation into AlN decreases the
lattice volume.[26, 28–30]
Because the substrate is the oxygen source, oxygen
incorporation into the film is likely to decrease rapidly
after the first few monolayers of growth, particularly af-
ter the films become fully coalesced. Our data indicate
that as growth progresses beyond a thickness of 2.5 nm,
the (0002) d-spacing rapidly increases to a value larger
than that of the bulk AlN value, while the in-plane lat-
tice constant remains smaller than the bulk AlN value.
This is consistent with the behavior that would be ex-
pected if the growing coalesced films were initially co-
herently strained compressively to the oxygen-containing
AlN islands. As growth continues, the films then relax
towards having bulk a and c lattice parameters, reaching
the fully relaxed state at film thicknesses of about 30 nm.
Compared with previous ex situ studies of films at room
temperature,[7, 16] we observed relaxation to zero strain
state at much smaller film thicknesses and saw no indica-
tion of kinetic stabilization of strain due to the formation
of domain matching configurations. This difference in be-
havior is likely due to our observations of the films at the
700 ◦C growth temperature, where relaxation processes
were not kinetically limited.
In summary, we found that during AlN nucleation,
both a and c lattice parameters were smaller than bulk
values, possibly indicating some initial oxygen incorpo-
ration from the substrate into AlN islands. The observed
transient initial growth rate is consistent with initial is-
land nucleation behavior. Following island coalescence, a
rapid increase in the c lattice constant is observed, consis-
tent with the oxygen-free films being constrained by in-
plane matching to the oxygen-containing islands. With
further growth, both a and c lattice parameters continu-
ously evolved towards bulk values as growth proceeded,
reaching fully relaxed bulk AlN values at film thicknesses
of approximately 30 nm. The results indicate the impor-
tance of possible initial incorporation of oxygen from the
substrate in influencing subsequent growth behavior.
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